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The cellular mechanisms that regulate self-renewal
versus differentiation of mammalian somatic tissue
stem cells are still largely unknown. Here, we asked
whether an RNA complex regulates this process in
mammalian neural stem cells. We show that the
RNA-binding protein Staufen2 (Stau2) is apically
localized in radial glial precursors of the embryonic
cortex, where it forms a complex with other RNA
granule proteins including Pumilio2 (Pum2) and
DDX1, and the mRNAs for b-actin and mammalian
prospero, prox1. Perturbation of this complex by
functional knockdown of Stau2, Pum2, or DDX1
causes premature differentiation of radial glial pre-
cursors into neurons and mislocalization and mis-
expression of prox1 mRNA. Thus, a Stau2- and
Pum2-dependent RNA complex directly regulates
localization and, potentially, expression of target
mRNAs like prox1 in mammalian neural stem cells,
and in so doing regulates the balance of stem cell
maintenance versus differentiation.
INTRODUCTION
The mechanisms that regulate self-renewal of mammalian stem
cells are still largely unknown. Insights into this issue come
from model organisms like Drosophila, where pathways that
regulatemaintenanceof germandneural stemcells arewell char-
acterized. In this regard, one keyDrosophilamechanism involves
RNA:protein complexes that localize mRNAs encoding regula-
tory proteins (Chia et al., 2008). As examples of this, asymmetric
localization and translational repression of prosperomRNA regu-
latemaintenance versus differentiation ofDrosophila neuroblasts
(Knoblich, 2008), while asymmetric localization of oskar mRNA
dictates appropriate oocyte development (Kugler and Lasko,
2009). However, it is not yet clear whether similar asymmetricallyCelocalized RNA complexes exist in mammalian stem cells,
although the RNA binding proteins Musashi-1 (Msi1) and Pumi-
lio-2 (Pum2) can bind and repress their targetmRNAs inmamma-
lian neural and germ line stem cells, thereby maintaining them in
an undifferentiated state (Moore et al., 2003; Okano et al., 2005).
Here, we have asked whether an asymmetrically localized
RNA complex regulates mammalian stem cells, focusing upon
Staufen (Stau), a double-stranded RNA-binding protein that
regulates asymmetric RNA localization inDrosophila neuroblasts
(Chia et al., 2008). In the fly, neuroblasts divide asymmetrically to
produce a neuroblast and a ganglion mother cell, which then
divides once to generate two neurons (Chia et al., 2008). These
divisions, which require asymmetric localization of a Stau-con-
taining RNA complex, have apparent similarities to stem cell divi-
sions in the mammalian central nervous system (CNS). For
example, in the embryonic cortex many postmitotic neurons
are generated by radial glial precursors (RGPs) that undergo
asymmetric divisions to produce both a copy of themselves
and an intermediate progenitor that then divides to generate
two neurons (Zhong and Chia, 2008).
In spite of these similarities, it is not known whether a Stau-
containing RNA complex is present and/or important in mamma-
lian neural stem cells. In mammalian neurons, Stau 1 and 2 bind
their RNA targets and assemble into large, heterogeneous trans-
port-competent RNA granules that undergo kinesin-dependent
transport along microtubules into neuronal dendrites (Kiebler
and Bassell, 2006). It is thought that mRNAs within these gran-
ules are repressed until synaptic activity induces dissociation
of the granule, and that upon dissociation the mRNAs are locally
translated. When Stau1 or Stau2 are depleted, this causes defi-
cits in dendritic spines, presumably because this mechanism is
disrupted (Goetze et al., 2006; Vessey et al., 2008).
Here, we have asked whether a Staufen-dependent RNA
complex is important in embryonic neural stem cells, and we
show that Stau2 is apically enriched in RGPs in vivo where it
comprises a critical component of an RNA complex containing
the translational repressor Pum2, the RNA helicase DDX1, and
Stau2 target mRNAs including prox1 and b-actin. Disruption
of the complex by knockdown of any of these three protein
components causes enhanced neurogenesis and depletion ofll Stem Cell 11, 517–528, October 5, 2012 ª2012 Elsevier Inc. 517
Figure 1. Stau2 Is Expressed by RGPs and
Newborn Neurons during Cortical Develop-
ment and Interacts with Other RNAComplex
Proteins
(A–F) Stau2 is expressed by RGPs and newborn
neurons during cortical development. (A) RT-PCR
for Stau2 mRNA in E12.5 cortex (lane indicated
with +; lane indicated with – is without reverse
transcriptase). Molecular weight (MW) markers are
shown to the left. (B)Western blot analysis for three
Stau2 isoforms (as indicated) in E11 to P3 cortex.
The blot was reprobed for Erk1/2. (C) Cultured
E12.5 cortical precursors immunostained after
3 days for Stau2 (red) and nestin, Pax6, or bIII-
tubulin (all green). Scale bars represent 10 mm. (D
and E) Immunoreactivity for Stau2 (red) in coronal
sections of E13 (D) or E15 (E) cortex. Nuclei were
stained with Hoechst 33258 (blue). Arrows high-
light Stau2 in the apical VZ. Boundaries of the CP,
VZ/SVZ, and IZ are denoted with white lines. Scale
bars represent 10 mm. (F) Confocal micrographs of
the E13 VZ/SVZ costained for Stau2 (red) and
nestin or ZO-1 (both green). Arrows denote the
apical VZ. Also shown is costaining for bIII-tubulin
(green) in the E15 CP (bottom panels). Scale bars
represent 10 mm.
(G–I) Stau2 interacts with other RNA complex
proteins. (G)Western blots of E12.5 cortical lysates
immunoprecipitated with anti-Stau2 (center lanes)
or with control nonspecific rabbit IgG (right lanes),
probed with antibodies for Pum2, DDX1, PABP, or
Stau2. As a control, 10% of the input homogenate
was loaded (left lanes). MW markers are shown to
the left, in kDa. (H and I) Western blots of E12.5
cortical lysates immunoprecipitated with anti-
Pum2 (H, center lanes) or anti-DDX1 (I, center
lanes) or with a control nonspecific rabbit IgG (right
lanes), probed with antibodies for Pum2, DDX1, or
Stau2, as indicated. As a control, 5% of the input
homogenate was loaded (left lanes). MW markers
are indicated to the left, in kDa.
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sion of prox1mRNA, and a Stau2mutant that can’t bind its target
RNAs cannot promote RGP self-renewal. Thus, a Stau2, Pum2-
dependent RNA complex directly regulates localization of pro-
neurogenic mRNAs like prox1 in mammalian neural stem cells,
and in so doing regulates the balance of stem cell maintenance
versus differentiation.
RESULTS
Stau2 Is Apically Localized in Embryonic Radial Glial
Precursors in the Developing Murine Cortex
To ask about a Staufen-dependent RNA granule, we examined
RGPs of the embryonic murine cerebral cortex. These precur-
sors generate neurons from around E12 until birth and then
switch tomaking glial cells. We focused upon Stau2, which is en-
riched in the brain (Duchaıˆne et al., 2002). RT-PCR analysis
showed that Stau2 mRNA was expressed in the E12.5 cortex,
which is largely composed of precursors (Figure 1A). Western
blots confirmed that all three Stau2 splice variants were ex-518 Cell Stem Cell 11, 517–528, October 5, 2012 ª2012 Elsevier Inc.pressed (Figure 1B), with the two smallest isoforms predominat-
ing at E11 and E12 and the largest 62 kDa isoform increasing
in levels from E15 until postnatal day 3 (P3), coincident with
increased neuron numbers.
To define the cell types that express Stau2, we immunostained
E12.5 RGP cultures (Gauthier et al., 2007). Stau2 was detectable
in almost all cells, including RGPs that express nestin and Pax6,
and bIII-tubulin-positive neurons that are born in these cultures
(Figure 1C). Immunostaining of the embryonic cortex confirmed
a similar expression pattern in vivo. At E13 (Figure 1D), Stau2-
positive cells were present in the ventricular and subventricular
zones (VZ/SVZ) and the cortical plate (CP), regions that contain
precursors and newborn neurons, respectively. Within the VZ,
Stau2 was enriched in the apical portion of nestin-positive (Fig-
ure 1F) and Pax6-positive (data not shown) RGPs, where it
colocalized with the apical marker ZO-1, a tight junction protein
(Figure 1F). At E15, Stau2 was still enriched apically in the VZ and
was also robustly expressed in bIII-tubulin-positive neurons in
the CP (Figures 1E and 1F). Thus, Stau2 is asymmetrically local-
ized in RGPs in vivo.
Figure 2. Stau2 Interacts and Colocalizes
with RNA Complex Proteins and Target
mRNAs
(A–D) Confocal micrographs of E13 cortex (A and
B) or VZ/SVZ (C and D) immunostained for nestin
(green, A and B) or ZO-1 (green, C and D) and
DDX1 (red, A andC) or Pum2 (red, B andD). Arrows
denote the apical VZ and boxed areas are enlarged
in lower panels. Scale bars represent 10 mm.
(E) RT-PCR for kif5c, arnt, b-actin, and prox1
mRNAs in E12.5 cortical lysates immunoprecipi-
tated with anti-Stau2 (+ lanes) or control non-
specific rabbit IgG ( lanes). As a control, RNA
was isolated from input homogenates (In). MW
markers are shown to the left.
(F) Micrograph of FISH for prox1mRNA (red) in the
E15 VZ/SVZ. The boxed region is shown at higher
magnification in the right panel. Arrows denote
apical enrichment. As a control, adjacent sections
were hybridized to a sense probe (left panel).
Scale bars represent 10 mm.
(G and H) FISH for prox1 mRNA (red) with immu-
nocytochemistry for Stau2 (G) or ZO-1 (H; both
green) in E15 cortex (G) or the E15 VZ/SVZ (H).
The boxed area in (G) is shown at higher magni-
fication in the bottom panels. Arrows denote the
apical VZ. Scale bars represent 10 mm.
(I) Immunoelectron microscopy of E13 cortical
sections probed with Stau2 antibodies and visu-
alized using gold particles. The left panel shows
three immunogold particles over an electron-
dense structure below the nucleus and next to the
plasma membrane lining the ventricles. The top-
right micrograph was obtained with a different
primary antibody and shows another immunogold-
positive structure adjacent to the plasma mem-
brane. Both particles are also shown at higher
magnification. Scale bars represent 50 nm.
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Precursors
We next asked whether Stau2 in RGPs was associated with
three other RNA complex proteins, the RNA binding protein
and translational repressor Pum2 (Moore et al., 2003), the RNA
helicase DDX1 (Kanai et al., 2004), and Poly-A Binding protein
(PABP), which binds polyadenylated mRNAs (Elvira et al.,
2006). Stau2 was immunoprecipitated from the E12.5 cortex,
and western blot analysis was performed on the immunoprecip-
itates with antibodies to Pum2, DDX1, and PABP. This analysis
(Figure 1G) demonstrated that Stau2 coimmunoprecipitated
with all three proteins. We confirmed these interactions by
immunoprecipitating Pum2 (Figure 1H) or DDX1 (Figure 1I) and
showing that Stau2 coimmunoprecipitated with both proteins.
To ask whether these proteins colocalized, we immunostained
the embryonic cortex. Like Stau2, at E13 Pum2 and DDX1
were enriched in the apical portion of the VZ, where they were
expressed in nestin-positive precursors (Figures 2A and 2B)Cell Stem Cell 11, 517–528and colocalized with ZO-1 (Figures 2C
and 2D). At E15, Pum2 and DDX1 were
still apically enriched in the VZ but were
also expressed in CP cells, presumably
newborn neurons (Figures S1A and S1B).To ask whether mRNAs were also associated with this apically
localized RGP complex, we examined two mRNAs known to
interact with Stau2: b-actin mRNA, since it associates with
Stau2 in postmitotic neurons (Goetze et al., 2006), and prox1
mRNA, since it associates with Stau2 in the mammalian brain
(Furic et al., 2008), and since Drosophila Staufen localizes pros-
pero mRNA (Chia et al., 2008). Stau2 was immunoprecipitated
from the E12.5 cortex, and RNA was isolated from these immu-
noprecipitates. RT-PCR (Figure 2E) demonstrated that both
b-actin and prox1 mRNAs were present in the Stau2 immu-
noprecipitates. These interactions were selective, since kif5c
and arnt mRNAs, which encode the Kif5c motor protein and
the aryl hydrocarbon receptor nuclear translocator protein,
respectively, were not present (Figure 2E). To ask whether
these Stau2-interacting mRNAs were apically localized, we per-
formed in situ hybridization for prox1 mRNA in the E15 cortex.
prox1 mRNA was expressed in cells in the VZ and was api-
cally enriched (Figure 2F). Combined in situ hybridization and, October 5, 2012 ª2012 Elsevier Inc. 519
Figure 3. Stau2 and Its Target mRNA prox1 Are Asymmetrically
Enriched in Dividing Ventricular Precursors
(A and C) Confocal micrographs of ventricular cells in anaphase/telophase
from E15 cortical sections analyzed by immunostaining for Stau2 (red, A) or by
FISH for prox1mRNA (red, C) and stained with Hoechst 33258 (blue). Plane of
division is indicated with the longwhite arrow (left panels), VZ is indicated by an
arrowhead, and the dividing cell is tracedwith the dottedwhite lines. The upper
two rows demonstrate symmetrically localized and the bottom two asym-
metrically localized Stau2 (A) or prox1 mRNA (C). Scale bars represent 5 mm.
(B and D) Quantification of the intensity of Stau2 immunofluorescence (B) or
prox1 mRNA in situ hybridization signal (D) on the two sides of the cleavage
plane in anaphase/telophase cells. Data are normalized so that if fluorescence
was the same on both sides, this would equal 0, and if it was only present on
one side, this would equal 1. Data are represented as box plots with the box
representing the data range between the 25th and 75th percentile and the
central line indicating the median value. Statistical outliers are indicated by
black circles above and below whiskers, which indicate the predicted
maximum and minimum values. For comparison, a similar analysis was per-
formed for Hoechst 33258 DNA and is also shown as a box plot. *p < 0.05, **p <
0.01; for Stau2, Student’s t test was used, while for prox1 mRNA, values did
not represent a normal distribution, so the Mann-Whitney Rank Sum test
was used.
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apically with Stau2 (Figure 2G) and ZO-1, although it was not
strictly limited to the apical-most extremity of the RGPs, as
was ZO-1 (Figure 2H).
Finally, we askedwhether we could visualize Stau2-containing
complexes, since these have been seen in dendrites (Kiebler
et al., 1999). Immunoelectron microscopy showed that Stau2
immunoreactivity, as detected with immunogold, was localized
to electron dense granule-like structures adjacent to the ven-
tricle (Figure 2I). Approximately two gold particles were associ-
ated with each positive granule. In contrast, very few immuno-
gold particles were found on sections processed without the
Stau2 primary antibody, and virtually none of these were local-
ized on granules. Similar results were obtained with two different
Stau2 antibodies (Figure 2I).
Asymmetric Localization of Stau2 and prox1 mRNA
in Dividing Radial Glial Precursors
In Drosophila, Staufen and its target mRNAs are asymmetrically
segregated to daughter cells during differentiation (Chia et al.,
2008). To askwhether this was true for RGPs, we immunostained
E15 cortical sections for Stau2 and for g-tubulin, the latter
to identify cleavage plane of dividing cells, and stained them
with Hoechst 33258 to visualize condensing chromosomes. In
many dividing ventricular precursors, Stau2 levels were roughly
similar on both sides of the cleavage plane, but in some, it was
apparently enriched on one side versus the other (Figure 3A, Fig-
ure S2A). Similar results were obtained when cells were double
labeled for Stau2 and phosphovimentin (data not shown). To
quantify this effect, we used the confocal microscope to
measure the level of Stau2 immunoreactivity on both sides of
the cleavage plane of ventricular anaphase or telophase cells
(Figure 3A) and compared these numbers to the Hoechst
33258 intensity, as a measure of DNA content (Figure 3B) (Bultje
et al., 2009). This analysis showed that Stau2 was significantly
asymmetrically segregated to the two presumptive daughter
cells (Figure 3B).
We then performed a similar analysis for prox1 mRNA, com-
bining fluorescence in situ hybridization with g-tubulin immuno-
staining and/or visualization of DNA with Hoechst 33258. As
seen for Stau2, while prox1 mRNA levels were roughly similar
on both sides of the cleavage plane in many dividing cells, in
some cells it was clearly enriched on one side versus the other
(Figure S2B; Figure 3C). Quantitative analysis demonstrated
that prox1 mRNA was modestly but significantly asymmetrically
segregated (Figure 3D).
Knockdown of Stau2 Promotes Neurogenesis and
Depletes Radial Glial Precursors
To ask about the function of this apical RNA complex in RGPs,
we knocked down Stau2 using a previously characterized
shRNA (Goetze et al., 2006). We first confirmed that this shRNA
knocked down Stau2 in HEK293 cells (Figure 4A) and that it did
not affect Stau1 expression (Figure S1D), since stau1 mRNA is
also expressed in the embryonic cortex (Figure S1C). We also
confirmed that this shRNA was equally efficacious in RGPs.
Cultures were cotransfected with Stau2 shRNA and an EGFP
expression plasmid; Stau2 immunoreactivity was not detectable
in EGFP-positive cells but was readily detectable in EGFP-nega-520 Cell Stem Cell 11, 517–528, October 5, 2012 ª2012 Elsevier Inc.tive, nontransfected precursors (Figure 4B). We then character-
ized the biology of similarly transfected RGP cultures. Stau2
knockdown had no effect on cell survival, as demonstrated by
quantifying EGFP-positive condensed, apoptotic nuclei (Fig-
ure 4C). However, it did affect neurogenesis; immunostaining
for bIII-tubulin 3 days after transfection (Figure 4D) demonstrated
that, relative to a control shRNA, Stau2 shRNA increased
newborn neurons from approximately 30% to 80% (Figure 4E).
Stau2 knockdown also affected proliferating precursors, causing
Figure 4. Knockdown of Stau2 in Culture
Causes IncreasedNeurogenesis andDeple-
tion of Cycling Precursors
(A) Western blot of HEK293 cells transfected for
2 days with a control shRNA (lane 1) or a Stau2
shRNA that targets themouse and human proteins
(lane 2), probed with antibodies for Stau2 (top) and
Erk1/2 (bottom).
(B–K) Cultured precursors were cotransfected
with a nuclear EGFP plasmid plus Stau2 or control
shRNAs for 3 days. (B) Immunostaining of cultures
transfected with Stau2 shRNA for EGFP (green)
and Stau2 (red). Stau2 was detectable in EGFP-
negative, nontransfected cells (arrows) but not in
EGFP-positive transfected cells (white stars). (C)
Quantification of cells with condensed apoptotic
nuclei as detected by staining with Hoechst
33258. p > 0.05; n = 3. (D–K) Cultures were
immunostained for EGFP (green, D, F, H, and J)
and bIII-tubulin (D), Ki67 (F), Pax6 (H), or Tbr2 (J; all
red) and double-labeled cells (arrows) quantified
(E, G, I, and K). **p < 0.01, ***p < 0.001; n = 3 in (I)
and (K) and n = 4 in (E) and (G).
(L) Quantification of the average number of cells in
EGFP-positive clones deriving from precursors
cotransfected with EGFP and Stau2 or control
shRNAs. *p < 0.05; n = 3.
(M and N) Quantification of triple-labeled cells in
cultures cotransfected with nuclear EGFP plus
Stau2 or control shRNAs, and 3 days later immu-
nostained for EGFP, Pax6, and Ki67 (M) or bIII-
tubulin (N). ***p < 0.001; n = 3.
(O and P) Quantification of precursors co-
transfected for 3 days with EGFP and Stau2 or
control shRNAs with or without an expression
construct for shRNA-resistant Stau2 (Stau2R-
EGFP), immunostained for EGFP and bIII-tubulin
(O) or Pax6 (P). *p < 0.05; n = 3. All scale bars
represent 10 mm. Statistical comparisons were
performed using Student’s t test, except for (O)
and (P), where we used a Student Neuman-Keuls
post hoc ANOVA. Error bars denote SEM.
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marker Ki67 (Figures 4F and 4G) and the RGP marker Pax6
(Figures 4H and 4I). In contrast, Stau2 knockdown did not affect
the relatively low proportion of Tbr2-positive intermediate
progenitors (Figures 4J and 4K), the neurogenic transit-ampli-
fying cells in this system.
These findings suggest that Stau2 knockdown causes RGPs
to prematurely differentiate into neurons, thereby depleting the
stem cell pool. We performed two additional experiments that
supported this conclusion. First, we performed clonal analysis
and showed that the average number of cells generated from a
single transfected precursor was decreased (Figure 4L). Second,
we triple labeled cultures for EGFP, Pax6, and Ki67 or bIII-
tubulin. Stau2 knockdown caused a decrease in cycling Pax6-
positive RGPs (Figure 4M) and an increase in RGPs coexpress-
ing bIII-tubulin (Figure 4N), suggesting that Stau2 knockdown
promotes direct genesis of neurons from RGPs.
To ensure that these changes were due to Stau2 knockdown,
we performed rescue experiments using a previously describedCeStau2-EGFP (Stau2R) that encodes the sameStau2 protein but is
resistant to Stau2 shRNA (Goetze et al., 2006). Precursors were
cotransfected with Stau2 or control shRNA plus or minus Stau2R
and immunostained 3 days later for bIII-tubulin or Pax6. Stau2R
significantly rescued the Stau2 knockdown phenotypes (Figures
4O and 4P), confirming the specificity of the shRNA.
We asked whether these culture data were relevant in vivo by
in utero electroporation of the Stau2 shRNA together with an
EGFP expression plasmid into E13/14 cortices (Gauthier-Fisher
et al., 2009). This approach electroporates RGPs that line the
ventricles, many of which differentiate in the VZ/SVZ into neu-
rons that migrate through the intermediate zone (IZ) into the
CP. Analysis 3 days after electroporation showed that Stau2
knockdown caused mislocalization of EGFP-positive cells, with
fewer transfected cells in the SVZ/VZ and CP and more in the
IZ (Figures 5A and 5B). We asked about the cellular basis of
these changes. Immunostaining for EGFP and bIII-tubulin (Fig-
ure 5C) showed that Stau2 knockdown caused an increase in
neurons (Figure 5D) but that these neurons were mislocalized;ll Stem Cell 11, 517–528, October 5, 2012 ª2012 Elsevier Inc. 521
Figure 5. Depletion of Stau2 In Vivo Increases Genesis of Neurons at
the Expense of RGPs
(A and B) Micrographs (A) of E16/17 sections from cortices electroporated at
E13/14 with EGFP and Stau2 or control shRNAs that were immunostained for
EGFP (green), stained with Hoechst 33258 (blue), and quantified (B) for the
proportion of EGFP-positive cells in the CP, IZ, and SVZ/VZ. *p < 0.05; n = 4
embryos each.
(C–H) Cortical sections similar to those in (A) were immunostained for EGFP
(green) and bIII-tubulin (C) or SatB2 (F; both red) and transfected, marker-
positive cells were quantified for their total numbers (D and G) and the
proportion in the VZ/SVZ/IZ versus the CP (E and H). *p < 0.05, **p < 0.01; n = 3
to 4 embryos each.
(I–M) Sections as in (A) were immunostained and double- or triple-labeled cells
quantified. (I and J) Quantification (J) of cells expressing EGFP (green, I) and
Pax6 (red, I). (K) Quantification of cells expressing EGFP, Pax6, and bIII-tubulin
at 2 and 3 days (combined). (L and M) Quantification (M) of cells expressing
EGFP (green, L) and Tbr2 (red, L) at 2 and 3 days. *p < 0.05, **p < 0.01; n = 3 or 4
embryos each. In (C), (F), (I), and (L) the white line denotes the boundary
between the IZ (above) and SVZ/VZ (below) and arrows indicate double-
labeled cells. All scale bars represent 20 mm. Statistical comparisons used
Student’s t test, and error bars denote SEM.
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the CP as compared to virtually none with Stau2 knockdown
(Figure 5E). To confirm these findings, we analyzed another
cortical neuron marker, SatB2, since the majority of RGPs elec-
troporated at E13/14 generate SatB2-positive neurons (D. Tsui522 Cell Stem Cell 11, 517–528, October 5, 2012 ª2012 Elsevier Inc.and F.D.M., unpublished data). Stau2 knockdown increased
transfected SatB2-positive neurons from approximately 20%
to 50% (Figures 5F and 5G), but fewer of these were localized
to the cortical plate (Figure 5H), confirming the bIII-tubulin data.
We also asked whether Stau2 knockdown depleted RGPs
in vivo as it did in culture. Stau2 knockdown decreased EGFP-
positive, Pax6-positive RGPs from approximately 40% to 20%,
although virtually all of these were located within the VZ/SVZ in
both conditions (Figures 5I and 5J). As seen in culture, the
proportion of EGFP-positive cells expressing both Pax6 and
bIII-tubulin increased two-fold to approximately 60% (Figure 5K),
suggesting that Stau2 knockdown caused RGPs to directly
differentiate into neurons. Consistent with this, Stau2 knock-
down had no effect on Tbr2-positive intermediate progenitors
at either 2 or 3 days after electroporation (Figures 5L and 5M).
Thus, Stau2 knockdown promotes genesis of neurons at the
expense of RGPs, but these neurons do not migrate appropri-
ately. This latter phenotype might indicate a direct role for
Stau2 in neuronal migration, or it could be due to depletion of
RGPs, which provide essential migratory scaffolds.
Knockdown of Either Pum2 or DDX1 Phenocopies the
Effects of Stau2 Knockdown
To ask whether the Stau2 knockdown phenotype was due to
disruption of the apical RNA complex, we determined whether
knockdown of Pum2 in cultured RGPs caused the same pheno-
type. RT-PCR analysis (Figure 6A) and immunostaining (Fig-
ure 6C) showed that Pum2 was expressed in cultured nestin-
positive precursors and bIII-tubulin-positive neurons, as seen
in vivo (Figure 2). To knockdown Pum2 in these cultures, we
cotransfected them with a previously characterized shRNA and
an EGFP plasmid (Vessey et al., 2006). Pum2 was readily detect-
able in EGFP-negative nontransfected cells, but not in EGFP-
positive transfected cells (Figure 6B), confirming Pum2 shRNA
efficacy. Analysis of similarly transfected cultures showed that
Pum2 knockdown had no effect on cell survival, as indicated
by EGFP-positive cells with condensed, apoptotic nuclei (Fig-
ure 6D). In contrast, Pum2 knockdown almost doubled the
percentage of transfected, bIII-tubulin-positive neurons present
3 days after transfection (Figures 6E and 6F). Moreover, it caused
a significant decrease in dividing RGPs, as indicated by immuno-
staining for Ki67 and Pax6 (Figures 6G–6J) and by clonal analysis
(Figure 6K). Thus, Pum2 knockdown phenocopies Stau2
knockdown.
We performed similar studies for a third complex component,
DDX1. RT-PCR (Figure 6A) and immunostaining of cortical
cultures (Figure 6M) demonstrated that DDX1 was expressed
in nestin-positive and Pax6-positive precursors and in bIII-
tubulin-positive neurons, consistent with the in vivo data (Fig-
ure 2). We then confirmed the efficacy of a DDX1 shRNA by
transfecting it into murine 3T3 cells; Western blots 2 days after
transfection showed that the endogenously expressed DDX1
was robustly knocked down (Figure 6L). We then cotransfected
the DDX1 shRNA together with EGFP into precursor cultures;
analysis at 3 days demonstrated that DDX1 knockdown doubled
the proportion of bIII-tubulin-positive neurons and decreased
Pax6-positive RGPs (Figures 6N and 6O). Thus, Stau2, Pum2,
and DDX1 are all necessary for maintaining RGPs, a function
they probably mediate by acting in a common RNA complex.
Figure 6. Knockdown of Either Pum2 or
DDX1, Components of the Apically Local-
ized Stau2-Containing Complex, Pheno-
copies Stau2 Knockdown
(A) RT-PCR for pum2 and ddx1mRNAs in cultured
precursors. MW markers are to the left.
(B) Immunostaining for EGFP (green) and Pum2
(red) in cultured precursors transfected for 3 days
with an EGFP plasmid and Pum2 shRNA. Pum2
was detectable in EGFP-negative, nontransfected
cells (arrows) but not in EGFP-positive transfected
cells (white stars).
(C) Immunostaining of precursors cultured 3 days
for Pum2 (red), and nestin, Pax6, or bIII-tubulin (all
green). Scale bars represent 10 mm.
(D) Quantification of condensed apoptotic nuclei
in precursors transfected as in (B). p > 0.05; n = 4.
(E–J) Quantification of double-labeled cells (F, H,
and J) in cultures cotransfected as in (B) and
immunostained for EGFP (green) and bIII-tubulin
(E), Ki67 (G), and Pax6 (I; all red). Arrows denote
double-labeled cells. *p < 0.05, **p < 0.01, ***p <
0.001; n = 3 or 4.
(K) Quantification of the average number of cells in
EGFP-positive clones deriving from precursors
cotransfected with Pum2 or control shRNAs. *p <
0.05; n = 3.
(L) Western blot of 3T3 cells transfected with
control (lane 1) or DDX1 (lane 2) shRNAs, probed
for DDX1 and Erk1/2. MW markers are indicated
to the left, in kDa.
(M) Immunostaining of precursors cultured 3 days
for DDX1 (red) and nestin, Pax6, or bIII-tubulin (all
green). Scale bars represent 10 mm.
(N and O) Quantification of double-labeled cells
in cultures cotransfected with a nuclear EGFP
plasmid plus DDX1 or control shRNAs for 3 days
and immunostained for EGFP and bIII-tubulin (N)
or Pax6 (O). **p < 0.01, ***p < 0.001; n = 3.
Statistical comparisons used Student’s t test, and
error bars denote SEM.
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mRNA Localization and Expression and Causes
Differentiation of Radial Glial Precursors
To ask whether perturbation of the Stau2/Pum2/DDX1 RNA
complex might promote inappropriate neurogenesis by mis-
localizing or derepressing target mRNAs, we examined prox1
mRNA localization. We electroporated E13/14 cortices with
Stau2 shRNA and EGFP and 3 days later performed combined
fluorescent in situ hybridization and immunocytochemistry.
EGFP-positive cells within the VZ were classified into those
where prox1 mRNA was apically localized, those where it was
localized on the other side of the cell nucleus from the ventricle
(basal localization), and those where it was randomly localized
(Figure 7A). In control-electroporated cortices, approximately
half of the transfected VZ cells showed apical prox1mRNA local-
ization (Figure 7B). In contrast, in Stau2 shRNA electroporated
cortices, this number decreased to approximately 25%, and in
most EGFP-positive VZ cells prox1 mRNA was randomly local-
ized (Figures 7A and 7B).CeWe next characterized Prox1 protein expression in control and
Stau2 knockdown cortices. Prox1 was detectably expressed
within some cells within the VZ/SVZ, the IZ, and the CP from
E13.5 to E17.5 (Figure S3), as previously reported (Lavado and
Oliver, 2007). Most of these cells did not coexpress bIII-tubulin
(Figure S3B), indicating that they were precursors. Intriguingly,
in contrast to prox1 mRNA, Prox1 protein was not detectable
in the large majority of precursors lining the ventricles, suggest-
ing that the apically localized prox1mRNA in RGPs was transla-
tionally repressed. In contrast, in cortices electroporated with
Stau2 shRNA, the proportion of EGFP-positive cells in the VZ/
SVZ with nuclear Prox1 protein expression 1 day later was
almost doubled (Figures 7C and 7D), suggesting that translation
of prox1 mRNA is repressed in a Stau2-dependent fashion in
cortical precursors.
These findings indicate that the apical Stau2-containing RNA
granule localizes and represses prox1 mRNA. To ask whether
disruption of this RNA localization/repression activity could
explain the aberrant differentiation seen when Stau2 is knockedll Stem Cell 11, 517–528, October 5, 2012 ª2012 Elsevier Inc. 523
Figure 7. Stau2 Mediates Apical Localization of prox1mRNA by Its RNA Binding Domain, and this RNA Binding Activity Is Essential for Stau2
to Promote RGP Maintenance
(A) High-magnification micrographs through the VZ of coronal E16/17 cortical sections electroporated at E13/14 with a nuclear EGFP plasmid and Stau2 (center,
right) or control (left) shRNAs, analyzed by FISH for prox1 mRNA (red) and immunostaining for EGFP (green; bottom panels). Dotted lines denote the ventricular
surface (V), and panels show representative examples of apical, nonlocalized, and basal prox1 mRNA localization.
(B) Quantification of sections as in (A). *p < 0.05; **p < 0.01; n = 3 embryos each.
(C and D) Quantification (D) of double-labeled cells (C, arrows) in cortices electroporated at E13/14 with EGFP and control (left) or Stau2 (right) shRNAs
and immunostained one day later for EGFP (green) and Prox1 (red) (C). Thewhite line denotes the boundary between the IZ (above) and SVZ/VZ (below). *p < 0.05;
n = 3 embryos each.
(E) Schematic depicting the Stau2 mutant (dnStau2) lacking RNA-binding domain (RBD) 5 and the putative tubulin-binding domain (TBD).
(F) Western blot of HEK293 cells transfected with wild-type (wt) or mutant (dn) Stau2 for 1 day, immunoprecipitated with anti-Stau2 (center lanes) or control
nonspecific rabbit IgG (right lanes), and probedwith anti-Stau2. As a control, 5%of the input homogenatewas loaded (left lanes). MWmarkers are indicated to the
left, in kDa.
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5 and the putative tubulin-binding domain (Figure 7E). This
mutant Stau2 can still bind its protein partners but is unable to
bind mRNA (Goetze et al., 2006). We confirmed that this mutant
cannot bind target mRNAs by transfecting it into HEK293 cells.
Immunoprecipitation and RT-PCR analysis of precipitates
1 day later showed that wild-type, but not mutant, Stau2 coim-
munoprecipitated with the endogenous b-actin and prox1
mRNAs (Figures 7F and 7G). We then asked whether the Stau2
mutant caused mislocalization of prox1 mRNA when electropo-
rated into RGPs in the embryonic cortex. As a control, we elec-
troporated wild-type Stau2. Analysis 3 days after electroporation
showed that mutant but not wild-type Stau2 caused a significant
decrease in transfected VZ cells with apical prox1 mRNA locali-
zation (Figure 7H). Finally, we asked whether disruption of Stau2
RNA binding perturbed RGP maintenance. Transfection of
mutant but not wild-type Stau2 into cultured precursors for
3 days caused an increase in bIII-tubulin-positive neurons and
a decrease in Pax6-positive RGPs (Figures 7I and 7J). Thus,
the Stau2-dependent apical RNA complex apparently regulates
stem cell maintenance by localizing and potentially repressing
target mRNAs.
DISCUSSION
In this study, we have demonstrated that a Stau2-dependent
RNA granule plays an important role in regulating the self-
renewal and differentiation of mammalian stem cells. We
focused on radial glial precursor cells of the embryonic mamma-
lian cortex at a time point when they undergo both symmetric
self-renewing and asymmetric neurogenic divisions. Our studies
in this system support four major conclusions. First, we demon-
strate that Stau2 is asymmetrically localized in RGPs and is en-
riched in their apical end-feet at the ventricular surface. Second,
our immunoprecipitation and colocalization studies demonstrate
that Stau2 forms part of an apically localized RNA complex that
contains the RNA-binding proteins Pum2 and DDX1 and target
mRNAs such as prox1 and b-actin. Our data also indicate that
this complex is asymmetrically enriched in dividing ventricular
precursors. Third, we show that disruption of this granule by
genetic knockdown of Stau2, Pum2, or DDX1 leads to genesis
of neurons at the expense of precursors, indicating that this
Stau2-dependent RNA complex is essential for appropriate
precursor maintenance. Fourth, we provide evidence that this
RNA complex maintains precursors by binding, localizing, and
potentially repressing target mRNAs. In particular, we show
that Stau2 knockdown causes mislocalization and enhanced
expression of prox1 mRNA and that expression of a Stau2
mutant that is unable to bind RNA also causes prox1 mRNA
mislocalization and inappropriate neurogenesis. Together, these(G) RT-PCR for b-actin and prox1 mRNAs in RNA isolated from immunopreci
homogenates, wt-IP and dn-IP refer to wild-type and mutant anti-Stau2 immun
precipitates of the wild-type or mutant Stau2-transfected cells. MW markers are
(H) Quantification of EGFP-positive VZ cells showing apical, basal, and nonlocaliz
and wild-type or mutant Stau2 at E13/14, and analyzed as in (A) and (B). *p < 0.0
(I and J) Quantification of double-labeled cells in precursor cultures cotransfecte
immunostained at 3 days for EGFP and bIII-tubulin (I) or Pax6 (J). **p < 0.01, ***p < 0
where we used a Student Neuman-Keuls post hoc ANOVA. Error bars denote SE
Cedata support a model where Stau2, Pum2, and DDX1 provide
key components of an asymmetrically localized RNA granule
that controls the translation of mRNAs that regulate the mainte-
nance versus differentiation of RGPs and thereby development
of the embryonic cortex.
While asymmetrically localized RNA granules have not been
previously shown to regulate mammalian stem cell biology,
they are clearly important in model organisms. In Drosophila,
Staufen itself plays a key role in asymmetric RNA localization
in oocytes and in neuroblasts. In oocytes, a Stau-containing
RNP localizes oskar mRNA to the posterior pole of the devel-
oping oocyte, and disruption of this complex perturbs develop-
ment (Micklem et al., 2000). In neuroblasts, Stau binds prospero
mRNA and comprises part of an RNA complex that also contains
the translational repressor Brat and the adaptor protein Miranda.
This complex is basally localized and segregates into the neuro-
genic ganglion mother cell where Miranda degrades, the com-
plex releases its associated mRNAs, and the proneurogenic
transcription factor prospero is translated (Chia et al., 2008).
In this regard, the Brat homolog Trim32 was recently shown
to play a key role in regulating cortical precursor maintenance
versus differentiation (Schwamborn et al., 2009), and mamma-
lian prox1 has been implicated in regulating the maintenance
and differentiation of mammalian neural transit-amplifying cells
(Dyer et al., 2003; Kaltezioti et al., 2010).
While the mammalian Staufens are not known to be important
in stem cells, they are the focus of significant interest in postmi-
totic neurons, where they are thought to play a key role in regu-
lating local activity-dependent translation in dendrites. In partic-
ular, Stau2 is known to bind to its target mRNAs in neuronal cell
bodies and to assemble them into a transport-capable RNA
granule (Goetze et al., 2006). This RNA granule transports these
mRNAs and localizes them to distal dendrites in a repressed
state until activity-dependent local signals promote their transla-
tion, an event thought to be essential for synaptic plasticity (Sos-
sin and DesGroseillers, 2006). Studies investigating the molec-
ular composition of these Stau2-dependent RNA complexes
have shown them to be heterogeneous, with regard to both the
mRNAs they bind (Maher-Laporte and DesGroseillers, 2010)
and their protein partners, which include proteins involved in
transport, translational repression, and translational activation
(Kanai et al., 2004; Elvira et al., 2006; Maher-Laporte et al.,
2010). Intriguingly, our data showing that Stau2 knockdown
causes mislocalization of newly born neurons suggests that
these Stau2-dependent RNA granules may also play a role in
neuronal migration. Alternatively, this mislocalization may simply
be the result of depletion of RGPs, since these cells provide
essential migratory scaffolds for newborn neurons.
Our data suggest that the Stau2-dependent RNA complexes
in cortical precursors share many similarities with the previouslypitates as in (F). In-wt and In-dn refer to wild-type and mutant Stau2 input
oprecipitates and wt-IgG and dn-IgG to the nonspecific rabbit IgG immuno-
shown to the left.
ed prox1mRNA in E16/17 cortical sections that were electroporated with EGFP
5; **p < 0.01; n = 3 embryos each.
d with plasmids encoding EGFP and wild-type (control) or mutant (dn) Stau2,
.001; n = 3. Statistical comparisons used Student’s t test, except for (B) and (H),
M.
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that they contain the DEAD-box RNA helicase, DDX1, which
was previously found as part of a neuronal Stau2-containing
RNA transport granule (Elvira et al., 2006). Moreover, we show
that Stau2 forms a complex with the translational repressor
Pum2, which is also localized in dendrites, where it is thought
to repress the translation of localized RNAs until the appropriate
stimulus is encountered (Vessey et al., 2006). The functional
importance of these proteins within RGPs is illustrated by our
data showing that knockdown of Pum2 or DDX1 phenocopies
the Stau2 knockdown phenotype, causing inappropriate neuro-
genesis and depletion of the stem cell pool.
How then would such an RNA granule regulate RGP mainte-
nance versus differentiation? By analogy to the RNA complexes
in neuronal dendrites and in model organisms, we propose that
it does so by binding to, localizing, and repressing target mRNAs
that are important for promoting neurogenesis until a given RGP
receives the appropriate extracellular signals. This model is
supported by our data showing that (1) prox1 mRNA, which is
normally apically localized in RGPs, becomes randomly localized
when Stau2 is depleted; (2) Prox1 protein expression appears to
be repressed in RGPs and when Stau2 is knocked down, this
enhances Prox1 expression; (3) expression of a Stau2 mutant
that cannot bind RNA in RGPs has the same effect as depleting
Stau2; and (4) knockdown of Pum2, which is a known transla-
tional repressor, phenocopies Stau2 knockdown. Such a model
is somewhat analogous to what is seen in Drosophila neuro-
blasts, where Stau participates in asymmetric localization and
repression of prospero mRNA, which is then released from
repression once it is segregated into the transit-amplifying neuro-
genic progenitor in this system, the ganglion mother cell (Chia
et al., 2008). However, while there are similarities between
RGPs and Drosophila neuroblasts, there are also a number of
key differences. First, while the Stau-containing RNA complex
in Drosophila neuroblasts is clearly asymmetrically segregated
into the ganglion mother cell, our data indicate that in RGPs
this is not an absolute segregation but is instead an enrichment.
Nonetheless, it is plausible andeven likely that enrichment of cell-
fate determinants in one daughter cell versus another is sufficient
to promote different cell fates. Alternatively, detachment of the
neurogenic daughter cell from the ventricular surface and the
resultant disruption of apical localization may itself provide
a signal for derepression of themRNAswithin theStau2 complex.
Second, inDrosophila neuroblasts, prospero alone is sufficient to
regulate stem cell maintenance versus neurogenesis, but we feel
that this is unlikely to be the case in mammals. Instead, mamma-
lian Staufens are thought to bind to many unique RNAs (Maher-
Laporte and DesGroseillers, 2010), and we propose that the
RGP Stau2 complex contains multiple target mRNAs that are
important for mammalian neurogenesis, many of which collabo-
rate to regulate genesis of intermediate progenitors and newborn
neurons. Support for this idea and potential insights into these
target mRNAs come from the recent work of Kusek et al. (2012).
A final key question is whether similar RNA complexes play
important roles in other mammalian stem cells. While this is
still an open question, RNA-binding proteins have been impli-
cated in other types of stem cells. For example, Msi1 binds
its target RNA, m-numb, and represses translation, thereby
keeping epithelial and neural stem cells in an undifferentiated526 Cell Stem Cell 11, 517–528, October 5, 2012 ª2012 Elsevier Inc.state (Okano et al., 2005). Likewise, Pum2 binds its target
mRNA deleted in azoospermia-like (dazl) and represses its
translation in germline stem cells, an interaction that is important
for maintaining these stem cells in an undifferentiated state
(Moore et al., 2003). This latter finding, together with the work
reported here, raises the intriguing possibilities that perhaps a
related Stau2- and Pum2-dependent RNA granule regulates
the maintenance versus differentiation of multiple mammalian
stem cell populations.
EXPERIMENTAL PROCEDURES
Animals
All animal use was approved by the Animal Care Committee of the Hospital for
Sick Children in accordance with the Canadian Council of Animal Care poli-
cies. CD1 mice were used in all experiments and were obtained from Charles
River Laboratory.
Cortical Precursor Cultures
CD1 E12.5 cortical precursors were cultured as described (Gauthier et al.,
2007), except that cells were grown on sterile glass coverslips within a 24-
well culture plate at a plating density of 125,000 cells per 1.9 cm2. For trans-
fections, 1 mg of DNA and 1.5 ml Fugene 6 (Roche) were mixed with 100 ml
Opti-MEM, incubated for 60 min, and added to precursors 1 hr after plating,
resulting in transfection of, at most, 1%–3% of cells. Plasmids and shRNAs
are in the Supplemental Experimental Procedures.
In Utero Electroporation
In utero electroporation was performed as described (Gauthier et al., 2007;
Gauthier-Fisher et al., 2009) with E13/14 CD1mice, injecting a 1:1 ratio of plas-
mids and 0.5% trypan blue. The square electroporator CUY21 EDIT (TR Tech,
Japan) was used to deliver five 50 ms pulses of 40V with 950 ms intervals per
embryo. Brains were dissected in ice-cold HBSS, fixed in 4%PFA at 4C over-
night, cryoprotected, and cryosectioned coronally at 16–20 mm.
Immunocytochemistry and Western Blot Analysis
Immunocytochemistry was performed as described (Gauthier et al., 2007).
Immunoelectronmicroscopywas performed as described in the Supplemental
Experimental Procedures.Western blotswere performed as described (Gauth-
ier-Fisher et al., 2009), using Enhanced Chemiluminescence (GE Healthcare)
for visualization.
RT-PCR
RT-PCRwas performed on total RNA isolated using the TRIzol reagent (Invitro-
gen) and cDNA was generated using the iScipt cDNA synthesis kit (BioRad),
using the manufacturer’s protocols. The annealing temperature of all primers
was approximately 60C and amplified products between 400 and 1500
base pairs. All reactions were subjected to 35 cycles and products resolved
on 1% agarose gels. Primer sequences are in the Supplemental Experimental
Procedures.
Immunoprecipitation
For immunoprecipitations, 50 mg of rabbit anti-Stau2, DDX1, or Pum2 or
nonspecific rabbit IgG were coupled and chemically crosslinked to 50 ml of
50% protein-A/sepharose bead slurry (Sigma) as described in the Supple-
mental Experimental Procedures. One milligram of protein extract was pre-
cleared with 50 ml of 50% protein-A/sepharose beads for 2 hr at 4C and
extracts were then incubated with crosslinked antibodies for 2.5 hr at 4C.
After washing, bound complexes were eluted with 0.2M glycine (pH 2.5) for
15min at RT and neutralized with 1M Tris (pH 8.0), and precipitated complexes
were boiled for 10 min in sample buffer prior to western blots. RNA was iso-
lated from precipitated complexes as described for RT-PCR.
Fluorescence In Situ Hybridization
FISH and subsequent immunohistochemistry was performed as described
(Mikl et al., 2011), using prox1 sense and antisense probes generated
Cell Stem Cell
A Staufen 2-Dependent RNA Complex Regulates NSCswith the SP6/T7 Transcription Kit (Roche) from a prox1-EST (accession
BI732857.1). Sections were treated with Proteinase K treatment (40 ng/mL)
after fixation and prior to blocking.Microscopy and Quantification
Cultured precursors were analyzed with a Zeiss Axioplan2 upright fluores-
cence microscope. Over 100 transfected cells per condition per experiment
were analyzed. In clonal studies, over 50 clones were analyzed per condition
per experiment. Clones were defined as clusters of EGFP-positive cells in
close proximity to each other. Digital image acquisition and analysis was per-
formed using Northern Eclipse software (Empix) with a SonThisy XC-75CE
CCD video camera. Electroporated coronal sections were analyzed using
a Zeiss Pascal confocal microscope and the manufacturer’s software. Three
to four sections/embryo were analyzed by taking up to three 8–10mmpictures
to cover the electroporated VZ, SVZ, and CP of coronal sections at equivalent
anatomical levels. Cell location wasmeasured using NorthernEclipse Software
(Empix) with a Sony-XC-75CE CCD video camera and delineating the VZ, SVZ,
and CP using Hoechst staining. Prox1 mRNA localization was carried out in
VZ cells, defining apical versus basal enrichment relative to the ventricular
surface. For all experiments, at least three embryos from at least two separate
mothers were analyzed. Between 100 and 200 cells were analyzed per brain.
To quantitatively assess asymmetric distribution of Stau2 protein and prox1
RNA in anaphase and telophase cells, fluorescence intensities of Stau2 immu-
noreactivity and prox1 mRNA in situ hybridization signal in future daughter
cells were acquired on the confocal microscope, as was the Hoechst 33258
DNA signal on the same cells (Bultje et al., 2009). Confocal images of 30 to
40 dividing cells were analyzed using Image J (NIH). Contours of both daughter
cells were outlined with the cleavage furrow as the border of the two. Fluores-
cence intensities of DNA were measured first and a ratio obtained after back-
ground was subtracted. Absolute equal values of intensity between daughter
cells were considered to be 0.Statistical Analysis
All data were expressed as the mean plus or minus the standard error of
the mean (SEM) and were tested for statistical significance with Student’s t
tests, Student Neuman-Keuls post hoc ANOVA, or Mann-Whitney Rank Sum
test as appropriate. In all cases, differences were considered significant if
p < 0.05.SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
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